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Abstract 

Background: Enzymes still comprise a major part of ethanol production costs from lignocellulose raw materials. 
Irreversible binding of enzymes to the residual substrate prevents their reuse and no efficient methods for recycling 
of enzymes have so far been presented. Cellulases without a carbohydrate-binding module (CBM) have been found 
to act efficiently at high substrate consistencies and to remain non-bound after the hydrolysis. 

Results: High hydrolysis yields could be obtained with thermostable enzymes of Thermoascus aurantiacus 
containing only two main cellulases: cellobiohydrolase I (CBH I), Cel7A and endoglucanase II (EG II), Cel5A. The 
yields were decreased by only about 10% when using these cellulases without CBM. A major part of enzymes 
lacking CBM was non-bound during the most active stage of hydrolysis and in spite of this, produced high sugar 
yields. Complementation of the two cellulases lacking CBM with CBH II (CtCelGA) improved the hydrolysis. Cellulases 
without CBM were more sensitive during exposure to high ethanol concentration than the enzymes containing 
CBM. Enzymes lacking CBM could be efficiently reused leading to a sugar yield of 90% of that with fresh enzymes. 
The applicability of cellulases without CBM was confirmed under industrial ethanol production conditions at high 
(25% dry matter (DM)) consistency. 

Conclusions: The results clearly show that cellulases without CBM can be successfully used in the hydrolysis of 
lignocellulose at high consistency, and that this approach could provide new means for better recyclability of 
enzymes. This paper provides new insight into the efficient action of CBM-lacking cellulases. The relationship of 
binding and action of cellulases without CBM at high DM consistency should, however, be studied in more detail. 

Keywords: Carbohydrate-binding modules, CBM, Cellulases, Cellobiohydrolases, Recyclability, Lignocellulose, 
Hydrolysis, High consistency 



Background 

Efficient enzymatic hydrolysis of lignocellulosic plant cell 
walls to platform sugars is a key process in all future 
biotechnical biomass conversion processes to fuels or 
chemicals. Although a significant reduction in enzyme 
production costs has been reported by the major enzyme 
producing companies during the last decade, enzymes 
still make up at least 15% of ethanol production costs 
[1,2]. Reduction of saccharification costs is thus an im- 
portant prerequisite for commercialization of biomass 
saccharification and second generation ethanol produc- 
tion processes. Various approaches have been suggested 
to improve the enzyme economy including higher 
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specific activity of individual enzymes, improved thermal 
stability, additional enzyme components and better syn- 
ergistic operation, reduction of end-product inhibitions, 
more efficient production systems, including consoli- 
dated processes, as well as recycling of enzymes [3-6]. 

Due to the complex structure of lignocellulosic biomass, 
the action of cellulolytic enzymes including cellobiohydro- 
lases (CBHs), endoglucanases (EGs), lytic polysaccharide 
monooxygenases (LPMOs) and |3-glucosidases (BGs) 
and various hemicellulases, especially xylanases (XYLs) 
are required for efficient saccharification of lignocellu- 
losic biomass [7]. Two types of CBHs hydrolyze cellu- 
lose simultaneously from the reducing (CBH I, EC 
3.2.1.176) and non-reducing ends (CBH II, EC 3.2.1.91), 
while EGs (and LPMOs) introduce new chain ends for 
CBHs. rrCel7A (CBH I) is the major enzyme secreted 
by the well-studied mesophilic fungus Trichoderma 
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reesei, forming approximately 80% of total secreted 
proteins. 

In general, glycoside hydrolases (GHs) degrading insol- 
uble polysaccharides have a bidomain structure with a 
carbohydrate-binding module (CBM) attached to the 
catalytic core domain by a flexible, glycosylated linker 
[8]. CBMs are classified into CBM families based on their 
sequence similarity and predicted structure-function rela- 
tionships, and cellulose-binding affinity has been reported 
for members of 19 CBM families out of 56 [9]. The main 
proposed role of CBMs is to increase the effective enzyme 
concentration on the polysaccharide surface, thus target- 
ing the catalytic module to the substrate [10,11]. Experi- 
mental challenges are caused by the nonlinear kinetics 
and multiple binding modes of cellulases. Catalytic core 
domains lacking CBM have been shown to bind on cellu- 
lose with reduced affinity compared to their native pro- 
teins at low (1 to 10 g/1) substrate concentrations [12-14]. 
The correlation between the amount of bound enzyme 
and activity is, however, not clear. The CBMs have not 
been shown to increase the catalytic activity towards cellu- 
lose, and CBHs with and without CBM proceed along the 
cellulose chain with a similar speed [15,16]. Remarkably, 
the CBM has been even observed to decrease the specific 
activity of the adsorbed enzyme by presumably preventing 
the processive hydrolysis of cellulose through unproduct- 
ive binding [17]. It has been suggested that the rate of cel- 
lulose hydrolysis is governed by the dissociation rate 
constant (koff), which is low for processive CBHs [16]. 

We have recently shown that the CBMs are not 
needed for efficient hydrolysis if the concentration of the 
solid substrate is increased at least to about 10% dry 
matter (DM) [18]. Thus, the presence of CBM can be 
counterbalanced by reducing the amount of water in the 
hydrolytic system, which increases the concentration of 
enzymes in the proximity of the substrate and enhances 
the probability of adsorption and subsequent catalysis of 
the core enzymes on the substrate [18]. The same effect 
was observed with cellulases which naturally occur with 
(r. reesei) or without {Thermoascus aurantiacus) a CBM 
[19]. At elevated substrate concentrations, the thermo- 
stable, naturally CBM-lacking T, aurantiacus cellulases 
reached about the same hydrolysis yields as the corre- 
sponding enzymes linked to family 1 CBMs [19]. 

A feasible industrial process for production of bioetha- 
nol from lignocellulosic biomasses requires high DM 
content throughout the process. The DM content of the 
biomass feed to pretreatment can be as high as 40% and 
the DM content during hydrolysis approximately 25% 
[20]. The process configuration, for example the severity 
of pretreatment, enzyme loading, and residence time in 
hydrolysis and fermentation, can be adapted to match 
the performance of the enzymes and thereby optimize 
the utilization of the enzymes [21]. One potential way to 



reduce the costs of the enzymatic hydrolysis would be to 
recycle the enzymes. The advantage of the CBM-lacking 
enzymes is that a significantly higher share can be recov- 
ered non-bound and active after the hydrolysis [18], as 
compared to the CBM-containing enzymes, of which a 
higher share remains bound especially to lignin contain- 
ing substrates. During recycling, loss of enzymes occurs 
due to unproductive binding and denaturation of en- 
zymes [22,23]. 

Thermostable CBHs from several fungi have been re- 
cently characterized [24,25], and the cellulases of T, aur- 
antiacus, naturally secreted without CBM, were found to 
act efficiently especially on natural cellulosic substrates 
[19]. The aim of the present work was to further explore 
these thermostable, CBM-lacking enzymes in order to 
reach high conversion yields in industrial conditions 
with high DM consistency. The aim was also to compare 
the action of cellulases with and without CBM and to 
evaluate the recyclability potential of the CBM-lacking 
enzymes. 

Results and discussion 

Comparison of enzymes with and without CBMs 

Previously, we have shown that the cellulases TaCe[7K 
and TaC^VSK of T, aurantiacus, naturally lacking the 
carbohydrate-binding domains, were able to hydrolyze pre- 
treated wheat straw to the same extent as the correspond- 
ing enzyme constructs provided with CBMs {TaCeXlK + 
TrCBM and r^Cel5A + C/:CBM) [19]. In our previous 
experiments, using substrate concentrations above 10% 
DM the degree of hydrolysis remained fairly low, below 
50% of theoretical, mainly due to the short hydrolysis 
time (24 hours). Therefore, laboratory-scale experi- 
ments were carried out to reach a higher conversion 
yield by increasing enzyme dosage and prolonging hy- 
drolysis time. 

Conversion of pretreated wheat straw was studied with 
thermostable enzymes during a prolonged hydrolysis (up 
to 120 hours) at high, 20% DM, consistency to reach a 
high yield for tests at a larger scale. The enzyme mix- 
tures were composed of equimolar amounts of CBH I 
and EG II {TaCeMK and TaCe[SK) with or without the 
CBM to allow direct comparison of enzymes with and 
without CBM, supplemented with BG and XYL, and 
used at two enzyme dosages: low CBM-containing 14.3 
mg/g DM, low CBM-lacking 12.7 mg/g DM, high CBM- 
containing 28.7 mg/g DM and high CBM-lacking 25.5 
mg/g DM (Table 1). The yields reached especially with 
the higher dosages were rather high (Figure 1), and the 
yield obtained with the CBM-containing enzymes within 
120 hours was above 70%. Using the lower dosages, high 
hydrolysis yields were not reached even in a prolonged 
hydrolysis of 120 hours. Taking into account the high 
DM consistency and that only CBH I (Cel7A) and EG II 
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Table 1 Enzyme mixtures and their loading in the small scale experiments 



Enzymes Components in enzyme Dosage of enzymes Dosage of enzymes 

mixtures molar basis: (jmol/g DM weight basis: mg/g DM 





CBM+ 


CBM- 


Low 


High 


Low 


High 


7aCel7A 




+ 


0.20 


0.40 


9.4 


18.8 


7aCel7A + 7rCBM 


+ 




0.20 


0.40 


10.6 


21.2 


7aCel5A 




+ 


0.05 


0.10 


1.7 


3.4 


7aCel5A + CtCBM 


+ 




0.05 


0.10 


2.1 


4.2 


76/XynlOA 


+ 


+ 


0.05 


0.10 


1.6 


3.3 


ToCe\3A 


+ 


+ 


0.01 


0.02 


1,000.0' 


2,000.0' 



Low and high dosages of enzyme proteins (as [xmo\ or mg/g DM substrate) used in laboratory-scale hydrolysis experiments. Enzyme mixtures showing the 
components in CBM+ and CBM- enzyme mixtures. The total protein loading of the used enzymes were on the low level, 14.3 mg/g (CBM+) and 12.7 mg/g (CBM-), 
and on the high enzyme level, 28.7 mg/g (CBM+) and 25.5 mg/g (CBM-). ^BG dosed as nkat/g DM. BG, p-glucosidase; CBM, carbohydrate-binding module; DM, 
dry matter. 



(CelSA) were used, in addition to XYL and BG, the 
yields can be considered satisfactory. The yields reached 
with the CBM-lacking enzymes were, however, con- 
stantly about 10% lower than with enzymes containing 
the CBM, and the hydrolysis rate seemed to be somewhat 
slower than with CBM-containing enzymes. Although the 
liquefaction and solubilization of the substrate may de- 
crease the probability of the enzyme to bind with the sub- 
strate, a surprisingly high yield, above 60% glucose of 
total, could be obtained even with the mixture of enzymes 
lacking the CBM after 120 hours. 

As compared with results obtained with the lower pro- 
tein amount after the shortest, 24 hours of hydrolysis 
time, glucose yields were clearly higher than those previ- 
ously obtained with the same enzymes [19] at high 
consistency. An inversely proportional relationship has 



often been shown between the DM content in hydrolysis 
or simultaneous saccharification and fermentation (SSF) 
experiments and cellulose conversion [26]. In high 
consistency hydrolysis, the sugar yields have been fairly 
low, due to problems with mass transfer and insufficient 
mixing [27], inhibition of enzymes by end-products [28] 
or by-products formed during pretreatment [29] . 

The major benefit of using enzymes without CBM 
would be their better recyclability; that is, the higher 
amount of free enzymes after the hydrolysis. Thus, as 
observed previously [19] a significantly higher portion of 
the enzymes without CBM remained free after the hy- 
drolysis (Figure 2). About 25 to 35% of the enzymes with 
CBM could be recovered after the hydrolysis, whereas 
about 70 to 80% of the cellulases without the CBM were 
free in the solution. The recovery of the traditional 



■ CBM-i- low enzyme loading CBM- low enzyme loading 

■ CBM+ high enzyme loading ■ CBM- high enzyme loading 
90% n 




24 48 120 

Time (h) 



Figure 1 Glucose yields of pretreated wheat straw with various loadings of Thermoascus aurantiacus enzyme preparations. Glucose 
yields in small-scale hydrolysis experiments of pretreated wheat straw (consistency 20% DM) by enzyme preparations containing CBH I with 
(CBM+) or without (CBM-), after 24, 48 and 120 hours of hydrolysis, temperature 50°C. Enzyme loadings are shown in Table 1 . CBH, cellobiohydrolase; 
CBM, carbohydrate-binding module; DM, dry matter. 
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■ CBM+ CBM- 

120% n 




24 48 120 24 48 120 

Time (h) 

Low enzyme loading High enzyme loading 



Figure 2 Free proteins in small-scale hydrolysis of pretreated wheat straw. Two dosages of Thermoascus aurantiacus enzymes with and 
without the CBMs were used. Samples were analyzed after 24, 48 and 120 hours of hydrolysis. The amounts of free enzymes are expressed as 
the percentage of total original loaded proteins. Dark grey, CBM-containing (CBM+); light grey, CBM-lacking (CBM-). CBM, carbohydrate-binding 
module. 



proteins with CBM after hydrolysis was in accordance 
with previously reported results from experiments with 
pretreated biomass containing lignin [30-32]. 

Partial replacement of TaCeWA by CtCel6A 

The enzyme preparation used in the experiments con- 
tained only two of the major cellulases, Cel7A (CBH I) 
and CelSA (EG II), both naturally lacking the CBM. In 
an attempt to increase the hydrolysis yields, the addition 
of CBHs with CBMs was studied. Thus, 25% of the CBH 
I without the CBM was replaced by the CBM containing 



CBH I from T. aurantiacus or by the naturally CBM 
containing CBH II from Chaetomium thermophilum 
(Figure 3). The amount of EG II was kept constant as 
well as the molar ratio of the CBHs and EG. Replacing 
25% of r^Cel7A, CBM-lacking CBH I, by the CBM con- 
taining TaCe[lK + TrCBM increased the yield of glucose 
slightly, whereas replacement of the same by C^Cel6A, a 
naturally CBM containing CBH II, increased the yield 
slightly more, by about 11% compared with the CBM- 
lacking enzyme alone. This may reflect the relatively 
more important role of a CBM in the less processive 



I Glucose Xylose 




CBH I (-) 100% 



CBH I (-) 75% 
CBH II 25% 



CBH I (+) 75% 
CBH II 25% 



CBH I (+) 100% 



CBH I (-) 75% 
CBH I (+) 25% 

Figure 3 Glucose and xylose yields in small-scale hydrolysis experiments of pretreated wheat straw. Combinations of CBHs: 25% of native 
CBH I (CBM-) (76?Cel7A) was replaced by the CBM containing CBH I (CBH+) (TaCel/A + 7rCBM) or by the CBM containing CBH II from Chaetomium 
thermophilum (CtCel6A). The enzyme preparations also contained EG II (CBM-) (7aCel5A), XYL and BG from Thermoascus aurantiacus. Substrate 
consistency was 20% DM, hydrolysis time 48 hours and temperature 50°C. BG, (3-glucosidase; CBH, cellobiohydrolase; CBM, carbohydrate-binding 
module; DM, dry matter; EG, endoglucanase; XYL, xylanase. 
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CBH IL On the other hand, somewhat surprisingly, re- 
placement of 25% of the CBH I by the CBH II, both with 
a CBM, had no major effect on the hydrolysis yield in 
the conditions used (Figure 3). The importance of CBH 
II (family 6A) in hydrolysis has been shown to depend 
on the raw material used, as well as on the overall com- 
position of the preparation used, as reviewed previously 
[33]. As expected, formation of xylose in the hydrolysis 
seemed to correlate with the overall increase of the hy- 
drolysis yield (Figure 3). 

Enzyme mixtures and hydrolysis conditions in 
small-scale experiments 

In order to optimize the conditions to be used in the in- 
dustrial high consistency (25%) system, hydrolysis exper- 
iments were carried out varying the amount of enzymes 
with or without the CBM and by omitting the heat treat- 
ment (Table 2). In previous experiments, the enzyme 
preparations were heat treated in order to remove the 
minor side activities present in the preparations. In the 
production strains designed for the expression of the in- 
dividual thermostable enzymes, the major cellulase genes 
had been deleted. The background proteins produced by 
T. reesei contained minor EGs, xylanolytic enzymes and 
other side activities, eventually improving the hydrolysis 
yields. The hydrolysis temperature was 50°C, where most 
of these minor activities were detectable at least for a 
short period. In order to retain these positive activities 
in the larger-scale experiments, enzyme preparations 
without heat treatment were studied. The results showed 
that at a high enzyme dosage of 28.8 mg/g DM, the glu- 
cose yield reached 93% and 82% of the theoretical yields 
by enzyme mixtures with and without the CBMs, re- 
spectively (Table 2). Addition of polyethylene glycol 



Table 2 Sugar yields In small-scale hydrolysis 
experiments of pretreated wheat straw using various 
protein loadings 



Total loaded 
protein (mg/g DM) 


Hydrolysis yield, % 


of total carbohydrates 


CBM-containing 


CBM-lacking 


7.2 


39.4 (6.5) 


37.9 (3.6) 


14.4 


60.5 (5.4) 


60.0 (0.8) 


17.3 


84.1 (1.5) 


78.5 (0.4) 


28.8 


93.3 (0.5) 


81.9 (1.3) 


28.8' 


94.4 (1.6) 


90.7 (1.9) 


43.2 


88.6 (4.6) 


86.6 (2.2) 



Sugar yields in small-scale hydrolysis experiments of pretreated wheat straw 
(consistency 25%) using various protein loadings by enzyme mixtures 
containing CBH I with (CBM+) or without (CBM-), EG II, XYL and BG of 
Thermoascus aurantiacus. The ratio of enzymes (protein-based) was CBH l:EG II: 
XYL 6:1:1. BG was dosed as nkat/g dw following the ratios of other proteins. 
^Addition of PEG, 1% of substrate DM. Hydrolysis 72 hours, temperature SOX. 
Hydrolysis yields are expressed as the percentage of total carbohydrates, 
measured as reducing sugars. Standard deviations are in parentheses. BG, 
(3-glucosidase; CBH, cellobiohydrolase; CBM, carbohydrate-binding module; 
DM, dry matter; EG, endoglucanase; PEG, polyethylene glycol; XYL, xylanase. 



(PEG) 6000 had a further positive effect on the hydrolysis 
by both enzyme mixtures, previously known to improve 
the hydrolysis [34]. For the large-scale experiments, a pro- 
tein dosage of 173 mg/g DM was chosen in order to reach 
a desirable hydrolysis yield with a reasonable protein load- 
ing. In large-scale experiments PEG 6000 was also 
included. 

Hydrolysis and fermentation in industrial conditions 

In order to mimic the industrial hydrolysis and fermen- 
tation conditions, large-scale experiments were carried 
out at the DONG Energy's Inbicon pilot plant (Skaerbaek, 
Denmark). Although fairly efficient mixing could be 
achieved even in the small-scale experiments, results in 
pilot-scale provide a more reliable comparative basis. 
The enzymes available for these large-scale experiments 
included the T. aurantiacus CBH I, EG II, XYL and BG, 
at a total dosage of 17.3 mg/g DM. The process design 
consisted of a hydrolysis stage extending for 70 hours at 
50°C, followed by a fermentation stage of 96 hours. Glu- 
cose started to accumulate at a very high rate already at 
the beginning of the hydrolysis, reaching a high concen- 
tration of 135 and 120 g/1 using enzymes with and with- 
out the CBM, respectively, in 70 hours (Figure 4). After 
this stage, the temperature was decreased to 33°C and 
the dry yeast was added. The fermentation started vigor- 
ously and the concentration of glucose declined rapidly. 
Glucose was completely consumed at the last measure- 
ment point (168 hours). Based on the glucose consump- 
tion rate, however, it can be expected that glucose was 
already consumed between the last two measurement 
points of 94 and 168 hours. The final ethanol concentra- 
tion reached approximately 75 and 65 g/1 using enzymes 
with and without the CBM, respectively (Figure 4). The 
total conversion yields, as calculated from Equation 1, 



{ ^ 



- □ - Glucose, CBM- -O— Glucose, CBM+ - A - Ethanol, CBM- -A- Ethanol, CBM+ 




0 24 48 72 96 120 144 168 



Time (h) 

Figure 4 Formation of glucose and ethanol during the 
hydrolysis and fermentation in large-scale experiments. Enzyme 
dosage was 17.3 mg/g DM, hydrolysis temperature 50°C, inoculation 
of yeast at 70 hours, fermentation temperature 33°C. DM, dry matter. 

V ) 
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were 92% and 80% of the theoretical with enzymes con- 
taining or lacking the CBM, respectively (Figure 5). A 
low amount of lactic acid was formed during the fer- 
mentations (data not shown). In the hydrolysis with the 
CBM-containing enzymes, the concentration of xylose 
was 9.1 g/1 and with the CBM-lacking enzymes 8.3 g/1, 
corresponding to the hydrolysis yields of cellulose; that 
is, formation of glucose by these enzymes. This may be 
due to decreased hydrolysis of xylans with mixtures of 
enzymes lacking the CBM, especially by TaCe\5A, or by 
the close physical proximity of xylans and cellulose in 
the substrate. 



Residual activities of the CBHs 

The concentration and activities of the free enzymes 
with and without CBM during the larger scale hydrolysis 
and fermentation experiments (at the Inbicon pilot unit) 
were also measured. Initially, after mixing the enzymes 
and substrate, about 55% of enzymes lacking the CBM 
and 73% of enzymes with CBM were bound to the sub- 
strate (Figure 6B). The 4-methylumbelliferyl-p-D-lacto- 
side (MUL) activity (Figure 6A) and amount of free 
proteins (Figure 6B) of the CBM-lacking enzymes during 
the hydrolysis and fermentation were clearly higher 
throughout the experiments as compared with enzymes 
containing the CBM. As observed earlier [18], the CBM- 
lacking enzymes were significantly less bound to the 
substrate than the enzymes with CBM during the most 
active phase (6 to 48 hours) of the hydrolysis, as indi- 
cated by the higher free protein concentration and en- 
zyme activity. The difference in substrate binding of 
enzymes, however, affected surprisingly little the rate of 



CBM+ 




72 96 120 144 168 

Time (h) 

Figure 5 Conversion yield of pretreated straw after combined 
hydrolysis and fermentation in large-scale experiments. 

Conversion yield of pretreated straw after 70 liours of liydrolysis and 
96 liours of fermentation in large-scale experiments. The yield was 
calculated from Equation 1. 
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48 
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Time (h) 
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^-CBM- -0-CBM+ 




0 24 48 72 96 120 144 168 

Time (h) 

Figure 6 Analysis of enzyme activity and protein during the 
hydrolysis and fermentation of pretreated wheat straw. (A) 

MUL activity, (B) free protein and (C) the ratio of activity and protein 
in large-scale experiments. MUL, 4-methylumbelliferyl-|3-D-lactoside. 



sugar formation during the early stage of the hydrolysis 
(Figure 4), During the initial phase of the hydrolysis, the ra- 
tio of the MUL activity to the total free protein (apparent 
specific MUL activity') in experiments with the CBH- 
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lacking enzymes was up to four times higher as compared 
to enzymes with the CBM (Figure 6C). 

The results clearly show that the CBM-lacking en- 
zymes, in spite of being less bound to the substrate 
throughout the hydrolysis, were able to produce almost 
the same level of hydrolysis. During the course of hy- 
drolysis, both the MUL activity (Figure 6A) and amount 
of free proteins (Figure 6B) detected in the supernatant 
increased continuously due to depletion of available sub- 
strate sites as a result of solubilization of the solid sub- 
strate, as observed previously [35]. Thus these results 
support the previous postulation regarding similar yield 
from CBM-containing enzymes and CBM-lacking en- 
zymes during hydrolysis at high consistency. Despite 
having lower adsorption rate in low consistency [15], 
higher substrate concentration enables increased prob- 
ability for binding and ensuing processive catalysis for 
CBM-lacking enzymes [18]. Coupled with faster desorp- 
tion rate of CBM-lacking enzymes [14], which is rate- 
limiting for processive cellulases due to the presence of 
obstacles in the substrate [16], this conceivably makes 
the catalysis almost equally fast (Figure 4). Nevertheless, 
the exact mechanism of the CBM-lacking enzymes is still 
unknown and subject to further studies. Several factors 
seem to affect the efficiency of the action of CBM-lacking 
enzymes under high substrate consistency, including the 
need of CBM in the individual cellulases throughout the 
hydrolysis process and their synergistic mechanisms. 

After 70 hours of hydrolysis, the temperature was de- 
creased and yeast was inoculated together with addition 
of yeast extract; the total added amount corresponding 
to 1 g/1. The addition is clearly seen as a peak in the 
amount of free proteins (Figure 6B). The added proteins 
were slowly consumed by the yeast with simultaneous 
changes in the concentrations of free enzymes in the fer- 
mentation broth. After prolonged fermentation time, the 
MUL activity of the CBM-lacking enzymes was clearly 
decreased, leading also to a decrease in the approxi- 
mated specific activity (Figure 6C). In contrast, the 
CBM-containing enzymes retained their activity rela- 
tively better in the solution, although being lower 
throughout the hydrolysis and fermentation. It is obvi- 
ous that enzymes lacking the CBM seemed to be more 
prone to inactivation than the counterparts containing 
CBM. Expectedly, the proteins were inactivated or dena- 
turated by the high concentration of ethanol, leading to 
decreased MUL activity (and eventually decreased con- 
centration of soluble protein) of the CBM-lacking en- 
zymes. Ethanol is known to inhibit the cellulases of T. 
reesei progressively up to an ethanol concentration of 
about 7% [36], and ethanol concentrations of 2 to 9% 
(v/v) have been observed to inhibit the hydrolysis of 
crystalline cellulose [37]. It has been found that hydro- 
phobic interaction of ethanol with cellulases could alter 



their structure resulting in denaturation and subse- 
quent degradation of CBHs. This denaturing effect of 
ethanol can also be accelerated with high temperature 
and extreme pH [38]. 

The fermentation time was originally long to ensure 
complete hydrolysis and fermentation, although it could 
have been shorter to recover the more sensitive CBM- 
lacking enzymes. To date, no systematic study has been 
reported on the effect of CBM on the stability of cellu- 
lases in the presence of ethanol, although the CBM of 
rrCel7A is known to stabilize the enzyme thermally, in- 
creasing the overall melting point of the enzyme [39]. 
Therefore, the high ethanol concentration at the end of 
the fermentation may be one of the factors decreasing 
the amount and activity of the CBM-lacking enzymes. 
More experiments should be carried out to reveal the 
underlying inhibitory factors. 

Recyclability potential of the CBM-lacking enzymes 

Preliminary experiments on the recyclability potential of 
the CBM-lacking enzymes were carried out using en- 
zyme solutions concentrated after the primary hydrolysis 
experiments in small and large scales. The ultrafiltration 
step after the large-scale experiments also removed the 
sugars and ethanol from the enzyme solutions, which 
may inhibit hydrolysis. The recovered enzymes were tested 
and compared with fresh enzymes in small-scale experi- 
ments. The recycled and fresh enzymes were applied at 
the same protein dosages (10 mg/g) in the recyclability 
tests. Enzymes recycled from small laboratory-scale exper- 
iments using heat treated enzyme preparations (without 
fermentation) produced almost equal sugar yields, 93% of 
the yield with the fresh enzymes: the recycled CBM- 
lacking mixture yielded 38.9% of total carbohydrates as 
compared to 41.9% obtained with the fresh CBM-lacking 
enzyme mixture (Table 3). The hydrolysis yields obtained 
with the CBM-lacking enzymes from the large-scale ex- 
periment (30.9% of total carbohydrates) were, however, 
clearly lower than with the fresh enzymes (52.1% of total 
carbohydrates). By replacing 30% of the recycled CBM- 
lacking enzymes the hydrolysis yield reached 45.9% of total 
carbohydrates, 88% of the reference. The recovered activ- 
ity of enzymes without the CBM was generally higher than 
in previously reported experiments carried out with com- 
mercial, CBM-containing enzymes at industrial condi- 
tions. Lindedam et al [6] reported that at low DM (12%) 
12 to 68% of the total cellulolytic activity could be recov- 
ered in the fermentation broth depending on the cellulase 
preparation and the process conditions used. The results 
clearly show the recycling potential of the CBM-lacking 
enzymes, although low enzyme protein amounts were 
used in the first recycling experiments. Presumably due to 
the long exposure of the enzymes to high temperature and 
to ethanol in the larger-scale experiments, the yields were 
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Table 3 Hydrolysis of pretreated wheat straw with 
recycled enzymes 



Enzymes in recycling 
experiments 



Hydrolysis yield, 
% of total carbohydrates 



Small-scale 

Reference (fresh CBM-lacking enzymes) 
Recycled 100% (CBM-lacking enzymes) 
Large-scale 

Reference CBM-containing (100%) 
Reference CBM-lacking (100%) 
Recycled CBM-lacking (100%) 
Recycled CBM-lacking (70% + fresh 30%) 



41.9 (1.2) 

38.9 (0.7) 

53.6 (4.0) 

52.1 (0.4) 

30.9 (1.1) 

45.9 (4.3) 



Hydrolysis yields by recycled enzymes in small- (20% DM) and large-scale 
(25% DM) hydrolysis experiments of pretreated wheat straw for 72 hours at 
50°C. In small-scale experiments the Thermoascus aurantiacus enzymes CBH I 
(CBM-), EG II, XYL and BG were collected after first hydrolysis (72 hours at 
SOX), concentrated and dosed on the same protein load (10 mg/g DM) as 
the reference enzyme mixture. In large-scale experiments the enzymes were 
collected after fermentation and concentrated for reuse. Protein dosage in all 
experiments was 10 mg/g DM. Enzymes used in small-scale experiments were 
heat treated prior to first hydrolysis, while not in the large-scale experiments. 
The ratio of enzymes (protein-based) for the first hydrolyses was CBH l:EG II: 
XYLBG 15:3:2:1. Hydrolysis yields are expressed as the percentage of total 
carbohydrates, measured as reducing sugars and the standard deviations are 
in parentheses. BG, p-glucosidase; CBH, cellobiohydrolase; CBM, carbohydrate- 
binding module; DM, dry matter; EG, endoglucanase; XYL, xylanase. 

lower than expected, which could be prevented by avoid- 
ing the denaturation or inhibition of the enzymes. Clearly, 
the recycling conditions should also be optimized with re- 
spect to the recovery methods, as well as optimal enzyme 
mixtures (with or without CBM) designed for the hydroly- 
sis and eventual addition of make-up' enzymes. 

The high consistency processing conditions resemble 
the natural, fairly dry environment prevailing during 
fungal degradation of lignocellulosic substrates, such as 
wood, litter and other plant cell walls. Recently, several 
fungi have been found to produce cellulases lacking 
CBM [18]. The need for cellulose-binding domains in 
cellulases may depend on the growth habitat of various 
organisms growing on lignocellulosic substrates. Thus, 
the degradation processes of cellulose by anaerobic bac- 
teria in aqueous environments varies significantly to 
those of fungi growing, for example, on decaying wood 
in forests. Results of the present work may reflect these 
differences and thus increase our understanding of the 
role of water in microbial environments and its possible 
consequences on the evolution of different cellulolytic 
systems in various microorganisms. 

Conclusions 

In this article, we showed that enzyme mixtures lacking 
the CBM could be successfully used in larger scale at 
high DM consistency using efficient mixing, resulting in 
cellulose conversion yields above 80% of theoretical. 
Based on preliminary experiments, enzyme mixture 
composed of enzymes without CBM could also be 



efficiently recycled. The activity and amount of recover- 
able enzymes after the hydrolysis was significantly higher 
using enzymes without the binding domains. The hy- 
drolysis yields obtained with the two cellulases lacking 
CBM {TaCeMh and TuCqVo) could be improved by 
prolonging the hydrolysis time and by partially replacing 
the CBH GH family 7 (GH7) with GH family 6 (GH6). 
The action mechanisms of the CBM-lacking, mostly 
non- adsorbed enzymes should be further studied to gain 
deeper understanding of the binding/desorption mecha- 
nisms of cellulases, and to design optimal hydrolysis and 
recycling processes. 

Methods 

Materials 

Wheat straw was pretreated at the Inbicon pilot plant at 
195°C for 15 minutes (with a severity of 3.96) using a 
hydrothermal steam pretreatment without addition of 
chemicals [21]. The raw material in small-scale experi- 
ments was air-dried to DM content of 42.5% to enable 
the process at higher consistencies. The DM of the straw 
used in large-scale experiments was 28.3%. Duplicate 
chambers were fed with samples from different batches. 
The composition of the substrates was determined after 
acid hydrolysis [40] by HPLC using an UftiMate 3000 
HPLC (Thermo Scientific Dionex, Sunnyvale, CA, USA) 
equipped with a refractive index detector (Shodex RI- 
101; Shodex Munich, Germany). The separation was 
performed on a Rezex-RHM monosaccharide column 
(Phenomenex, Macclesfield, UK) at 80°C with 5 mM 
H2SO4 as eluent at a flow rate of 0.6 ml/min. The com- 
position of the pretreated substrate was determined 
using Laboratory Analytical Procedures established by 
the National Renewable Energy Laboratory [40]. All che- 
micals used were of analytical grade and purchased from 
Sigma-Aldrich (St Louis, MA, USA) or Merck (White- 
house Station, NJ, USA). The pretreated wheat straw 
contained 51.1 ± 1.2% of cellulose, 4.0 ± 0.0% of xylan 
and 34.1 ± 0.4% of lignin on dry weight basis (averages 
of three different samples analyzed in triplicate). 

Enzymes 

For hydrolysis experiments, thermostable enzymes with 
and without CBM from T, aurantiacus were used: the 
intact CBH I without CBM (r^Cel7A) and fused with T. 
reesei CBM (r^Cel7A + TrCBM), and the native EG II 
without CBM (7i2Cel5A) and fused to the linker and 
CBM of C. thermophilum Cel7A (r^Cel5A + C/:CBM). 
In addition, XYL T^XynlOA and BG TaCe\3K from T. 
aurantiacus were added to all experiments. The CBH II 
from C. thermophilum (C^Cel6A), naturally carrying a 
CBM, was added to replace part of the T, aurantiacus 
CBH I in some experiments. 
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All thermostable enzymes, including the CBH II from 
C. thermophilum (QCel6A) were expressed in T, reesei 
as described previously [19]. The expression cassettes 
were transformed into T, reesei industrial production 
strains that lack the genes cbhl^ cbh2, egll and egl2, en- 
coding for CBH I (rrCel7A), CBH II (rrCel6A), EG I 
(rrCel7B) and EG II (TrCelSA), respectively. The XYL 
T^XynlOA and BG T^^CelSA were produced accordingly 
[19]. All thermostable enzyme preparations were adjusted 
to pH 6.0 and treated at 60°C for 2 hours to inactivate the 
background T, reesei enzymes. For the large-scale experi- 
ments in industrial conditions the preparations were used 
as such. 

The activity of CBH I was measured using the soluble 
MUL (Sigma- Aldrich) substrate with 4-methylumbelliferone 
(Sigma- Aldrich) standard as described previously [41]. 
Analyses were done in duplicates. The hydrolysates 
were first diluted twofold with 0.05 M Na-citrate buffer, 
pH 5, centrifuged, after which the activity was determined. 

Small-scale enzymatic hydrolysis 

The substrate was hydrolyzed with two dosages (low and 
high) of enzymes (CBH I r^Cel7A, EG II T^CelSA, XYL 
TaXynlOA and BG T^xCelSA) using equimolar amounts 
of cellulases with or without CBM, using a ratio of 
r^Cel7A to r^CelSA of 4:1 (Table 1). At low and high 
dosage levels, a total of 0.25 or 0.50 (imol/g DM of 
r^Cel7A and r^Cel5A with (CBM+) or without CBM 
(CBM-) were used. The used low dosages of the TaC^YJA 
(CBM+) and r^Cel7A (CBM-) were 10.6 and 9.4 mg 
protein/g DM, and of r^Cel5A (CBM+) and r^Cel5A 
(CBM-) were 2.1 and 1.7 mg protein/g DM, respect- 
ively. The used high dosages of r^2Cel7A (CBM+) and 
r^Cel7A (CBM-) were 21.2 and 18.8, and those of 
r^Cel5A (CBM+) and r^Cel5A (CBM-) were 4.2 and 
3.4 mg protein/g DM, respectively. To compare the role 
of CBHs, r^2Cel7A (CBM-) was either partially replaced 
(25% on molar basis) with r^Cel7A (CBM+) or with 
C^Cel6A (naturally containing a CBM). For compari- 
son, r^2Cel7A (CBM-) was also totally replaced by 
7^Cel7A (CBM+). In these experiments, the higher 
dosage level was used. 

The laboratory-scale hydrolysis experiments were 
carried out in triplicates at 20% or 25% DM (w/w) 
consistency in 0.05 M Na-citrate buffer, pH 5, in a vol- 
ume of 2 ml (10-ml tubes) at 50°C. The samples were 
mixed with combined gravity and vortex mixing for 24 
to 120 hours using an Intelli-Mixer RM-2 (ELMI, Riga, 
Latvia) with u2 mode at 35 rpm, exerting continuous 
variable intensity small amplitude vortexing with sec- 
ond speed counter-clockwise rotation [19]. PEG with 
an average molecular weight of 6,000 g/mol (PEG 
6000) was added before addition of enzyme at a loading 
of 10 g/kg DM. 



After hydrolysis in small-scale, samples withdrawn from 
experiments on different DM concentrations were cooled 
and diluted with buffer to a final 5% DM substrate con- 
centration. The samples were centrifuged (15 minutes, 
2,500 rpm) to separate the solid and liquid phases. A part 
of the supernatants was frozen for measurements of 
protein, and the remaining supernatants were boiled 
for 10 minutes for determination of glucose. The hy- 
drolysis yields were calculated as the percentage of the 
theoretical maximum conversion of total glucose (or 
carbohydrates) in the substrates. 

Large-scale enzymatic hydrolysis and ethanol 
fermentation 

Hydrolysis and fermentation experiments at pilot-scale 
using high DM consistency were carried out at the 
Inbicon pilot plant of DONG Energy in a specially de- 
signed six-chamber reactor with a minimum working 
volume of 10 kg employing the principle of free-fall mix- 
ing as described earlier [42]. The DM content of pre- 
treated wheat straw was adjusted to 25% by addition of 
water and the pH was adjusted to 5 with Na2C03. PEG 
with an average molecular weight of 6,000 g/mol (PEG 
6000, 10 g/kg DM) was added before addition of en- 
zyme. The cellulases r^2Cel7A and TaCeiSK (with or 
without CBM), as well as XYL (T^XynlOA) and BG 
(r^2Cel3A) were dosed on the basis of protein at a ratio 
of 15:3:2.5:1, respectively. The total amount of loaded 
protein was 17.2 mg/g DM. In large-scale experiments 
the enzymes were not heat treated. The biomass was hy- 
drolyzed for 70 hours at 50°C before it was cooled to 33° 
C, then the yeast Thermosacc Dry (2 g/kg DM; Lalle- 
mand Ethanol Technology, Milwaukee, WI, USA) and 
yeast extract (4 g/kg DM; Merck) were added afterwards 
and the sample was collected at the start of the fermen- 
tation. The fermentation was continued for 96 hours. 
The experiments with both types of enzymes, CBM- 
containing and CBM-lacking, were carried out in dupli- 
cates. Samples withdrawn during the experiments were 
not diluted prior to separation of solids. 

Recycling of enzymes 

Enzyme recycling experiments were carried out at the 
laboratory-scale using proteins collected from small- and 
large-scale experiments. At small-scale, samples were col- 
lected after 72 hours of hydrolysis at 50°C and in large- 
scale after hydrolysis (70 hours, 50°C) and extended 
fermentation (96 hours, 33°C). Supernatants containing 
the CBM-lacking enzymes from both experiments were 
concentrated by 10 kDa Amicon membranes by centrifti- 
ging at 4°C and 3,000 rpm (Merck). The amount of pro- 
teins in each filtrate was determined and dosed (10 mg/g 
DM) at the same level for the recycling tests. Recycled 
and fresh enzyme mixtures were compared in hydrolysis 
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experiments, carried out as described above (72 hours, 
50°C). PEG was not added to the recycUng experiments. 

Analysis of hydrolysis and fermentation products 

The amount of reducing sugars was determined using 
the dinitrosaUcylic acid (DNS) method with glucose as 
standard [43]. Monosaccharides in the small-scale hy- 
drolysates were analyzed using high performance anion 
exchange chromatography with pulsed amperometric 
detection (HPAEC-PAD) equipped with a 2707 autosam- 
pier (Waters Corporation, Milford, MA, USA), 515 
HPLC pumps (Waters) and a 2465 pulsed amperometric 
detector (Waters), provided with Empower 2 software 
for instrument control and data analysis [44]. In the 
large-scale experiments, sugars, organic acids and etha- 
nol were quantified by HPLC using an UltiMate 3000 
HPLC (Thermo Scientific Dionex) equipped with a re- 
fractive index detector (Shodex RI-101) as described pre- 
viously [42,45]. The separation was performed on a 
Rezex-RHM monosaccharide column (Phenomenex) at 
80°C with 5 mM H2SO4 as eluent at a flow rate of 0.6 
ml/min. D-Glucose and D-xylose (Merck) were used as 
external standards. The conversion of cellulose was cal- 
culated from the cellulose content of the pretreated ma- 
terial {WT%cei)> the amount of pretreated biomass 
{j^biomass)> the DM content {DM%), and the concentra- 
tions of cellobiose (Cce/), glucose (C^/c) and ethanol 

Equation 1: 



Cellulose conversion 



360g/mol CEtoH 

Cer 342g/mol "^Glc ^ o.51^ EtOH/g Glc 

mMomass'DMO/o^WTO/ocel'^^f^l 



Analysis of proteins 

Proteins in hydrolysis supernatants were measured by 
two methods: Lowry and ninhydrin methods [30,46,47]. 
In laboratory-scale experiments, proteins were precipi- 
tated by adding three volumes of acetone (Rathburn 
Chemicals Ltd, Walkerburn, UK), re-dissolved in Lowry 
reagent A (20 g/1 Na2C03 and 4 g/1 NaOH) and quanti- 
fied by the Lowry method using BSA (Sigma- Aldrich) as 
standard [46]. In large-scale experiments, the protein 
concentration in supernatant was determined using the 
ninhydrin method with an alkaline protein hydrolysis as 
described by Haven and Jorgensen [30]. Supernatants were 
separated from the solids by centrifugation at 4,200 x g for 
10 minutes and diluted approximately eight times to 
obtain protein concentrations below 800 (ig/ml and 
used for the ninhydrin assay. All samples were analyzed 
in triplicates. 
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